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ABSTRACT 


The structure near the short-wavelength limit of the continuous X-ray spectrum has been 
investigated, using a concave crystal spectrometer with a Geiger counter. The isochromats found 
(for W, Mo and Ta at ~ 3.7 kV) are interpreted by comparisons with characteristic energy loss 
spectra and X-ray absorption spectra. Angular and voltage dependence of the structure are dis- 
cussed. A new method of determining VA, (h/e) with great accuracy is demonstrated. 

A new procedure for precision measurement of high voltages has been developed (accuracy 
2:100000). 


Introduction 


The continuous X-ray spectrum in the neighbourhood of the short-wavelength 
limit has always been a subject of great interest. Most of the investigations made in 
this field have been carried out in order to make a determination of h/e. As Du Mond 
[1] has pointed out the quantity actually measured is the voltage—wavelength conver- 
sion factor V A,, where V is the voltage over the X-ray tube corresponding to the short- 
wavelength limit A, measured in the Siegbahn X-unit scale. 

In studying the short-wavelength limit one usually uses a monochromator with 
as small a window curve as possible, selects a known wavelength, and applies a very 
stable DC high voltage to an X-ray tube. A spectrum (a so-called isochromat) can be 
formed by varying the voltage. The general appearance is seen in Fig. 1. If the 
wavelength and the high voltage are measured with very high precision, the problem 
to determine VA, (or h/e) is then reduced to finding that point on the isochromat 
which corresponds to the actual wavelength. 

Early investigators working with bad spectral and voltage resolution and using 
large voltage steps (10-50 volts) did not find any structure near the limit and simply 
used the extrapolated value for the calculation of h/e (or VA,). A large step forward 
was taken by Ohlin in 1941 when he used 2-volt steps with good spectral and voltage 
resolution. He then found the well-known structure in Fig. 1, and he also used the 
extrapolated value. 

Later works [1, 3, 4] have shown that it is very difficult to find the exact threshold 
of the quantum limit without having a correct explanation of the structure near the 
limit. The method for the location of the limit used by du Mond [1, 3, 4, 6] and others 
in later works must nowadays be looked upon as very unsatisfactory. This method 
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consists in choosing a point on the isochromat where the second derivative is at a 
maximum. 

As shown in this investigation and also by Ulmer and Vernickel [5], the structure 
is extraordinarily pronounced, a phenomenon which du Mond’s method does not 
take into account. 

Because of the great difficulty of treating the problem theoretically, more experi- 
mental work is needed in order to arrive at a complete explanation of the structure. 
Some interesting results have been found in this work. 

The chief advantage of the apparatus used in the present experiment is the high 
intensity of the spectrometer. It is, in fact, about five times as intense as those used 
by Ulmer and Vernickel [5] or by Bearden [3, 4]. This has been achieved by using a 
curved crystal, choosing a suitable crystal and Geiger counter and by adjusting the 
spectrometer properly. 

The resolving power is not extremely high (~ 2.5 volts at 4kV). However, Bearden 
and Schwartz found a width of about 4 volts for the first peak in their isochromats 
(at 6 kV) in spite of the fact that they used a monochromator width of ~ 0.5 V. 
Therefore the disadvantage arising from the comparatively low resolving power of the 
spectrometer used in the present work is not so serious. 

Thanks to the high intensity, it was possible to record a whole curve in a few hours 
while still keeping the statistical error small. This is rather important because finer 
details in the isochromats may be lost if the number of points per voltage interval 
or the number of counts per point is reduced. 


Experimental arrangements 


The spectrometer 


A spectrometer with curved crystal and Geiger counter was used. The principle 
and construction of a similar spectrometer has already been described in detail by 
Ohlin [2]. Therefore only those parts which are of special interest for this investiga- 
tion will be described here. 

The vacuum tank was made of aluminium and was provided with two large win- 
dows of perspex at both ends, thus making it possible to observe the focal spot and 
the scale of the micrometer screw from the outside. The spectrometer was made 
vacuum tight by means of rubber rings. 
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Fig. 2. The X-ray tube. 


Through rotatable vacuum connections, the height position of the target, the angu- 
lar position of the X-ray tube, and the micrometer screw (which determines the posi- 
tion of the detector slit) could be adjusted externally. 


The X-ray tube 


The X-ray tube is shown in Fig. 2. The oxide cathode was taken from an ordinary 
rectifier tube (5V4 G). The cathode consisted of a small nickel tube and was heated 
indirectly by means of an insulated tungsten wire fed by a high-tension insulated 
transformer. One end of the heating wire was connected to the high voltage outside 
the vacuum tank. 

The electron beam was focused on the target by the accelerating system and 
further by a magnetic lens. At 10 mA emission, the current loss to the anode was only 
0.2 mA. The focal spot was about 2.5 « 5 mm in size. 

The aluminium tube was held at —150 V with respect to the anode to reduce the 


number of stray electrons. 
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Fig. 3. Circuit diagram. Tube I: 4650 (Philips). Tube II: 6B D4 A (RCA). P, Cetron photocell 1 Vv 

AB. ryies Wolff manganin decade resistance box with 0.01-steps. r and R, manganin precision 

resistors; see also Fig. 7 and Table 2. Gy and G, moving-coil mirror galvanometers; internal resi- 

stances 450 Q and sensitivity 20 x 10-® and 5x10-® A/mm deflection respectively. The 100-V 

instrument was a precision voltmeter made by Cambridge Instrument Co. Ltd. The 50-V range 
was used for v<40 V. 


From the circuit diagram (Fig. 3) it can be seen that variation of the total voltage 
of the X-ray tube is accomplished by varying the potential of the target only. 
Owing to the large distance target—anode this variation had a very small influence 
on the focusing properties of the accelerating system and the emission current. 

Though stabilised AC current was used for heating the cathode, the emission cur- 
rent was not extremely stable. However by regulating the primary voltage of the 
transformer by hand the emission current could be kept constant within 0.5%. 
Operating the tube in the space charge region was avoided, since this might increase 
the effective work function of the cathode. 

The anticathode consisted of a small plate (W 0.04 mm, Mo 0.20 mm, and Ta 
0.06 mm) fastened by screws as shown in Fig. 2. The resistance of the plate at 
operating temperature could be ignored. : 

To avoid heat radiation from the target (at ~ 1200°) to the crystal a small alumi- 
nium window, 0.5 uw thick, was mounted between target and crystal. 


The crystal and crystal holder 


The crystals were bent in steel holders with precision ground cylindrical surfaces 
of 1000 mm radius. To control the temperature of the crystal one joint of a thermoele- 
ment was welded to a piece of copper, the latter being in thermal contact with the 
crystal holder. The other joint was placed in a constant temperature bath. 

The opening of the crystal holder was 1.5 x 12 mm and the dimension of the 
crystal (quartz 1011:d, = 3335.74 XU) was 15 x 25 x 0.5 mm. 
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Fig. 4. Photo-current as a function of the position of the light spot. 
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The Geiger counter 


A halogen-quenched Geiger Miiller tube type MX 118 made by Mullard Limited 
was used. This tube had a threshold voltage of 980 volts and a plateau length of about 
200 volts. The plateau slope measured at different occasions was found to be 5-7 % 
per 100 volts. The operating voltage was 1050 +5 volts. The dead-time measured 
was 260 ysec. The pulses were recorded by a Philips scaler type PW 4032. 


The pumps and evacuation system 


The high vacuum was obtained with a oil diffusion pump (Balzers DIFF 500 filled 
with Dow Corning 703 Fluid) and a mechanical pump (Balzers DUO 25). 

A liquid air trap was mounted between the vacuum tank and the diffusion pump. 
The vacuum system also included two vacuum-meter tubes, one Pirani gauge, and 
one ionisation gauge (Speedivac JG-2H) mounted on the top of the vacuum tank. 

The working vacuum measured by the ionisation gauge was about 3 x 10-6 mm Hg. 


The high voltage equipment 


The circuit diagram is shown in Fig. 3. The smoothing circuit has been described 
previously by Ohlin [2]. It consists of two tubes, tube I (4650) in series and tube II 
(6BD4 A) parallel with the high voltage. Tube II works as a resistance amplifier by 
means of which a change in output voltage is fed back to the grid of tube I. In this 
way any changes in input voltage are almost completely absorbed by tube I. Stabilisa- 
tion will take place only if the voltage over the condenser C is constant. 

To compensate for the leakage in the condenser a photocell P is incorporated in the 
circuit. The photocell is illuminated by the lightspot of the galvanometer G'y. The 
current delivered by the photocell as a function of the position of the lightspot 
(about 12 x 12 mm in size) is shown in Fig. 4. In this figure it can be seen that a 
leakage current of at least 0.1 uA is required for good stabilisation. Since the natural 
leakage of the condenser was only 0.01 wA, a leakage resistance of about 30 kMQ 
was connected across the condenser. 

One way to measure the high voltage is to use the Nife cell as a secondary standard 
and to measure the ratio R/ryir.. However, this method introduces an error in the 
measurement of the e.m.f. of the Nife cell. Moreover, this type of cell is not as stable 
as a standard cell. Therefore the Nife cell was not used for measurement but only 
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for keeping the voltage at a constant value. For measurement a standard cell and a 
resistance r (= 1.25 kQ) was included in the circuit. This standard cell was connected 
for a short time every ten minutes and when necessary the resistance Tyire Was 
altered to allow for changes in the e.m.f. of the Nife cell. The Nife cell as well as the 
standard cell were sunk into Dewar bottles filled with transformer oil. 

The Nife cell actually consisted of three cells in series with an e.m.f. of approxi- 
mately 3.8 volts. The resistance ryite of about 4.70 kQ could be varied in steps of 
0.01 ohms, thus making it possible to vary the high voltage (~ 3700 V) in steps of 
about 0.01 volts. 

The circuit described above was extremely stable, 1:200,000. The ripple voltage 
measured with a cathode ray oscillograph at full emission current (10 mA) of the 
X-ray tube was 0.03 V peak to peak. 

The variable additional voltage v was obtained from a rectifying circuit using the 
tube 1928 as current stabiliser. The voltage v was measured with a Cambridge dyna- 
mometer voltmeter which could be read better than 0.05 V on the 50-V range, which 
was used for v <40 V. The voltmeter was calibrated against a standard cell. 


Adjustments 


The bending of the crystal was controlled optically by means of a luminous slit 
and a suitable microscope. The radius was found to be 1000 + 2 mm. After adjusting 
the crystal opening, the detector slit and the target to the same height, the adjust- 
ment of the slit parallel to the X-ray line was carried out by a new rapid and precise 
method. 

Profile curves of the X-ray line were recorded using the uppermost mm and 
lowest mm of the slit respectively, the slit being very narrow (0.02 mm). If the slit 
was not exactly parallel to the X-ray line the two curves did not coincide. Differences 
in the position of the lines of about 0.005 mm could be measured. By means of a lever 
arrangement the slit was turned to the right position. When these adjustments were 
carried out the slit was broadened and a profile curve using the whole length of the 
slit (8 mm) was recorded (see ““Measurement of the wavelength’’). By taking four 
curves at different distances of the slit with respect to the crystal, the position of 
best focusing could be determined. 


Measurement of the wavelength 


The intensity as a function of the micrometer reading for CaO Ka, and Ka, is 
shown in Fig. 5. The left curve recorded with a slit width of 0.080 mm, the right one 
with 0.146 mm. Since only one of the edges of the slit was movable there is a corre- 
sponding displacement of the curves. Observe that the projection of the slit on the 
ae to the Rowland circle is 2 times the width of the slit. (The glancing angle 
was 30°.) 

Each curve is the sum of two curves, one recorded from left to right and the other 
from right to left. These curves coincided within the error of measurement. 

The larger slit width, mentioned above, was used in recording the isochromats. 
(The smaller slit gave about the same isochromat, but with a 2-fold decrease in 
counting rate.) The peak value of the K«, line can certainly be read off from Fig. 5 
with an accuracy of 0.01 mm or 20 ppm (parts per million). 

Another source of error is the focussing-defect which for the glancing-angle (30°) 
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Fig. 5. The intensity distribution of the CaO Ka,«, lines, plotted against the reading of the micro- 
meter screw. 


and crystal opening (12 mm) in question is of the order of 0.01 mm along the Rowland 
circle corresponding to 20 ppm. The error in the determination of the wavelength of 
the Ka, line of CaO is certainly less then 10 ppm. Taking the mean square value of 
these errors we have 


, = 3351.85 +0.10 XU (+30 ppm). 


During the measurement of A, the temperature of the crystal was 23.°0 + 0.5; 
slightly higher than the room temperature (22.°0) This was also the case when re- 
cording the isochromats. Thus no temperature correction was needed. 
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Measurement of the high voltage 


The high voltage measured by the precision potentiometer (see Fig. 3) is given by 
V = E(B/r) ne E IIE Hite; 


where E and Ey. are the e.m.f. of the standard cell and Nife cell respectively. 
From the expression above it follows that we do not need to know the absolute values 
of R and r but only the ratio R/r. 

To this constant voltage V we have to add the voltage v measured by the precision 
voltmeter and certain corrections AV. The corrections AV are for the mean thermal 
energy of the emitted electrons k7' and for the work function of the cathode ¢. No 
correction is to be applied for the temperature effect of R and r because of the special 
method of measuring R/r (see below). The voltage Vy in Figs. 11-13 is given by 


Vo=Vt+AV=V+kT +4. 


The e.m.f. E of the standard cell 


Four standard cells were compared with the aid of the circuit in Fig. 6. A small 
additional voltage was added to the standard cell which had the lower voltage. By 
adjusting this voltage to the correct value the galvanometer was brought to zero. 
The current instrument was calibrated to show directly the voltage difference between 
the standard cells. Full deflection of the instrument corresponded to 200 x 10-8 
volts. The results are shown in Table 1. 

From this table we conclude that the standard cells are correct within 20 ppm. 
The standard cell used when recording the isochromats was L-345999 ‘‘B”’ which 
was assumed to have an e.m.f. of 


1.01854 + 0.00002 abs. volt at 22.0°C. 
Since 7yico was 4.710 + 0.001 kQ, we have (with r = 1.250 kQ) 


Tee ies = 3.838 +0.001 volts. 
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Galv. Fig. 6. Circuit used when comparing the standard cells. 
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Table 1. Comparison between the standard cells (Weston Normal cells). 
ee =e 
L-345999 L-345999 L-346016 L-346016 


Cell No.  GAe2 oB?% Ae? SBY 

Date of certificate 28.4.58 28.4.58 May °59 May ’59 
Certified e.m.f. in abs. volts at 20°C 1.01862 1.01861 1.01860 1.01858 
Calculated e.m.f. at 22°C 1.01854 1.01853 1.01852 1.01850 
18.9.59 at 22.0°C 1.018541 1.018495 1.018494 
19.9.59 at 22.0°C 1.018541 1.018496 1.018495 
23.9.59 at 22.0°C 1.018541 1.018498 1.018496 
25.9.59 at 22.0°C 1.018540 1.018540 1.018495 1.018493 
2.11.59 at 21.8°C 1.018540 1.018495 1.018492 
14.11.59 at 22.1°C 1.018542 1.018495 1.018492 
16.1.60 at 22.2°C 1.018541 1.018494 1.018492 


The cell L-345999 “‘A” was used as a primary standard. Cells designated “A” and “B” were 
mounted in the same case. The certificates were made out by Cambridge Instrument Co. Ltd. 
Certified temperature correction: — 0.00004 volt for a rise of temperature of 1°C between 15°C and 
25°C. 


Measurement of R/r 


For the determination of the ratio R/r a new precise method was developed. This 
method is based on the fact that the ratio of two approximately equal resistances 
can easily be measured with a precision of 1 ppm. The precision potentiometer is 
seen in detail in Fig. 7. 

To avoid difficulties resulting from contact resistances or thermoelectric forces, 
let us start with two resistances of approximately 10 kQ. These two resistances R, 
and &,, are compared in an ordinary bridge circuit with the aid of two other resistan- 
ces P and Q of about 10 kQ (see Fig. 8). When the bridge is balanced, P and Q are 
shifted by means of a switch (not shown in the figure) and we get a new value Q + AQ 
of Q for zero current through the galvanometer. Now it can easily be shown that 


Ry = Ry LL + 3(AQ/Q)] 


Thus to know R,, in terms of R, to an accuracy of 1 ppm we need only know 
AQ/Q to, say, 10,000 ppm if AQ <0. ‘0001 Q. 

In the present experiment AQ, was — 0.10 + 0.02 Q corresponding to Ry, =9999.95 
+0.01 Q, where we have assigned the value 10,000.00 Q to Ro. 

Combining R, and R,, in series gives a resistance Ro of 


19999.95 + 0.01 Q (+0.5 ppm). 


Rp is then compared in the same way as above with a new resistance Ry, of 
approximately 20 kQ. R,» is then known in terms of #, to an accuracy of about 


1.5 ppm. 
Accurate values of Ryy (+40 kQ), Rey (80 kQ) and Rye. (~ 160 kQ) can be ob- 


tained in the same way. 
Ro, Rego, and Rygq in series give a resistance R350 of about 250 kQ. Together with 


Rosy ( 250 kQ) we eventually get Rso9 (500 kQ). 
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Fig. 7. The resistors used in the precision potentiometer in Fig. 3 seen in detail. 


Fig. 8. Bridge circuit. Fig. 9. Circuit used for measurement of r. 


By adding small resistance (manganin wires) all the resistances Ry), Ry, Ryo, Rego; 
Rig) and R,;) were made to differ by only a few ppm from the corresponding re- 
sistances Rio, Roo . . . Ros. The remaining eight 500 kQ-resistances were measured 
by connecting a variable resistance to either Rgo9 or R599, depending on which of 
them was larger. 

The resistance r(= 1.25 kQ) was measured by means of Ry, Ry) and Ryo. The 
resistances were connected as in Fig. 9. A small resistance AR,), which could be 
varied in order to balance the bridge, was in series with RF, . Thus we have 


r= Ro[ Ryo/( Reo + ARgo)I- 


The resitance r could be measured to an accuracy of 5 ppm, since R,, was known 
to 1 ppm and R,, to 2.5 ppm. 

Now r was determined at 16 V and 32 V over the bridge and no significant differ- 
ence could be observed. On reversing the current, differences of not more than 2 ppm 
appeared, due to thermoelectric forces which, however, were eliminated by simply 
taking the average value. In measuring resistances of 10 kQ and higher, no such 
effect was observed. 

Great care was taken to eliminate contact resistances. Thus all critical connections 
were made of 1 mm copper plate and fastened by screws. For interchanging the re- 
sistances P and Q, a switch of excellent quality made by Otto Wolf in Berlin was used. 

The deflection of the galvanometer was very stable during all measurements (1 mm 
deflection corresponded to 1 ppm or less except for r and Rg) when it corresponded 
to 2 ppm). In all measurements (except for r) the voltage over the bridge was adjusted 
to give the same current (0.8 mA) through the resistors Ro, Ryy.... R599. Thus for Ry» 
the voltage was 16 V and for Ro, 800 V. For that reason P and Q were 10 kQ when 
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Table 2. Measurements of the precision resistances relative to Ry. 


Power dissipation 
Resistance value in terms Error in watts 


AS of Ry at 22.0°C ohms in ppm 

Rated Actual 
r 1,250.000 —0.063 5 0.5 0.0008 
Ro 10,000.00 reference — 0.5 0.006 
Ri 10,000.00  -0.05 l 0.5 0.006 
Reo 20,000.00 —0.13 1.5 0.5 0.013 
Rio 40,000.00  —0.30 2 0.5 0.025 
Bas 80,000.00 +0.6 2.5 0.5 0.05 
Base 160,000.0 +0.5 3 1.3 0.10 
Reso 250,000.0 = +0.7 4 2 0.16 
Rioo 500,000.0 —62 5 4 0.32 
R00 500,000 ~146 5 4 0.32 
Reo 500,000 ~ 139 5 4 0.32 
Réoo 500,000 —140 5 4 0.32 
R200 500,000 ~139 5 4 0.32 
R§00 500,000 +58 5 4 0.32 
Réoo 500,000 +148 5 4 0.32 
Reon 500,000 +318 5 4 0.32 


Ryo, Ro, and Ry were measured, but 500 kQ when Ryo, Rig, Ros and R599 were 
measured. 

In Table 2 all resistances used for the measurement of R/r together with errors in 
ppm and mean values in terms of Ry (2, = 10,000.00 Q) are shown. Rated and actual 
power dissipation for each resistance are also included in the table. In fact the value 
of R/r calculated from measurements at six different occasions in two months did not 
vary by more than 10 ppm. This excellent reproducibility was attained by using 
manganin resistances of very high quality and keeping the temperature constant 
(22.0°+ 0.1). One measurement was made with twofold current (1.6 mA) which 
resulted in a change in the R/r value of only about 8 ppm. 

The high voltage could be chosen in steps of about 8 volts by suitable combination 
of the resistances Ry, Ryo,.... R599. In all recordings reported here the following 
resistances were used: 


R= Ry t Ry + Roy + Ray + Rigg + ogg + 8 X Reoo- 
The total resistance becomes (from Table 2) 
R =4489.901kQ (+5 ppm). 
The value of r measured as described above was 
r = 1.249937 kQ (+5 ppm). 
Thus we have R/r = 3592.10 (+10 ppm). 
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The method described above for measuring the ratio of two resistances has several 
advantages: (1) The resistances can be measured at the same current conditions as 
in the actual experiment. (2) The accuracy is large (~ 10 ppm). (3) The resistances 
can be measured without being disconnected. (4) Resistances of various orders of 
magnitude are available for choosing a suitable voltage. 


Work function correction 


The reason for making a correction of the voltage for the work function of the 
cathode has been discussed previously in a number of papers [1-4, 6]. The problem 
is no longer if we should apply such a correction, but to determine the exact magni- 
tude of the correction. For pure W the work function is rather well-defined (~ 4.52 eV), 
but for oxide-cathodes the work function may have any value between ~ | and 2.5 eV, 
depending on the composition and formation of the oxide-layer. Therefore a deter- 
mination of the work function of the oxide cathode used was made relative to a 
tungsten cathode. 

The tungsten cathode consisted of a hair-pin shaped tungsten wire (length 16 mm 
and diameter 0.2 mm), which was heated by a DC current of about 4.5 A. The voltage 
across the wire was 2.03 V. 

Isochromats were recorded with both oxide cathode and tungsten cathode. The 
results are shown in Fig. 10. The voltage displacement (= 2.0 V) of the tungsten 
isochromats results from a change in the sign of the cathode potential. Because of 
the greater energy spread of the emitted electrons for the tungsten cathode, the first 
peak is not as sharp as for the oxide cathode, and consequently no exact determina- 
tion of the position of the peak was possible. However if the curves are normed as 
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shown in the figure it is seen that the first very straight part (~ 2.5 V wide) of the 
isochromat is practically unaffected by an increase of the voltage spread. This is to 
be expected if the spread is not too large (in this case it must be less than 2 V; probably 
1-1.5 V). Therefore, as a measure of the displacement between the tungsten and 
oxide curves, the distance between two points in the middle of the straight part was 
chosen, as shown in the figure. The displacement becomes 2.8 V. We must, however, 
subtract 0.2 V because the temperature of the standard cell was 1.5° lower when re- 
cording with the tungsten cathode. The room temperature was 22.0°, but the tempera- 
ture of the standard cell did not change more than 0.1° during the recording because 
of the thermic insulation of the cell. The temperature coefficient of the cell was 
— 0.0004 per degree. 
The work function of the oxide cathode was calculated as follows: 


ob = (4.5 + 0.2) — (2.6 + 0.1) =2.0 eV, 


where the quantities 0.2 and 0.1 are the mean thermal energy of the emitted electrons 
for tungsten and oxide cathode respectively. The value 2.0 eV seems to be reasonable 
in view of the fact that oxide cathodes in ordinary radio tubes are not intended to be 
exposed to air. Similar determinations on other “home-made” cathodes at an early 
stage of this investigation resulted in work function values of the order of 1.5 eV. 

The error in the ¢-value given here was due to difficulties in finding corresponding 
points in the isochromats and to reproducibility errors. These errors, together with 
errors in the mean thermal energy of the emitted electrons, were estimated to 0.3 
volts. Thus we have 


AV =¢+kT =2.1+0.3 volts. 


Calculation of Vo 
From the preceding sections we have 
EH =1.01854 volts (+20 ppm); 
R/r = 3592.10 (+10 ppm); 
Exige = 3.838 volts (+0 ppm); 
AV =2.1 volts (+81 ppm). 


Thus V = 3663.56 + 0.08 abs. volts (+ 22 ppm) 
and V, = 3665.7 + 0.3 abs. volts (+ 84 ppm). 
Results 


Three different metals were investigated: W, Mo and Ta. Every curve is the mean 
of two similar recordings, where the voltage was increased in one case and decreased 
in the other, the total counting time per point being 6 minutes. 

The results of the measurements are shown in Figs. 11, 12 and 13. The target 
temperature was about 1200° (measured by an optical pyrometer) in each case to 
avoid contamination of the target. This temperature was, however, not critical. Thus 
for W, which is a very suitable metal because of its high intensity and high melting 
point, investigations at different temperatures between 900° and 1600° showed no 
significant changes in the isochromats. 

317 


R. SANDSTROM, Bremstrahlung-isochromats of W, Mo and Ta 


COUNTS PER MINUTE 


2000 


26.7 VOLTS 


4=3351.85 XU 
Vy= 3665.7 ABS. VOLTS 


500 


WE ee ny a Oe baer Fig. 11. Isochromat for tungsten at 
3670 80 90 3700 10 20 30 ABS. VOLTS the wavelength of CaO Ka,. 


Vo 


On the other hand, when the target was effectively cooled the isochromat in Fig. 11 
did not appear at all. Instead an isochromat of very low intensity (about a 10-fold 
decrease in counting rate), which was displaced about 5 volts to higher voltages 
appeared. This isochromat was not as reproducible as the others. Moreover the target, 
when held at temperatures of the order of 1000°, was absolutely clean, while the 
cool target was discoloured. Bearden et al. [3,4], however, working with better 
vacuum conditions, were able to use cool targets and got isochromats very similar 
to those in Figs. 11, 12 and 13. Moreover, very recently P. Johansson, using a cool 
target, found a W-isochromat at ~ 5 kV of almost exactly the same shape as the one 
in Fig. 11. For details see [17]. 

For the reasons mentioned above, therefore, we reject the isochromats obtained — 
with cool targets. The similarity between these isochromats and those recorded by — 
Nilsson and Ohlin [7] in 1946 suggests that a contamination effect could be present 
in their curves too. Another reason to reject these cool target curves is that they do 
not fit into the voltage dependence of the structure (see Fig. 15). 


Discussion and interpretation of the isochromats 


The interpretation of the isochromats given here is essentially the same as the one 
discussed by Albert [8] and later by Ulmer and Vernickel [5] (originally by Nijboer 
[9]). The structure near the short-wavelength limit can be regarded as a superposition 
of two structures, one structure due to electrons with an energy corresponding to the © 
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whole accelerating voltage V, and one structure due to electrons having lost more or 
less energy by collision processes in the target. The structure of the first type should 
be a picture of the density of the unfilled levels near the Fermi level. Suppose the 
level density is as shown in Fig. 14a. 

As is well known [10], energy losses of electrons in solids can occur only in certain 
amounts, so-called characteristic energy losses. These characteristic energy losses e AV 
are of the order of tens of a volt. Therefore, besides the primary electrons, only elec- 
trons of energy e(V—AV) will be present in the solid. This is true for energies 30-40 eV 
below the primary energy. For lower energies the energy losses overlap. The structure 
due to electrons of energy e(V—AV) should have the same shape as the one in Fig. 
14a, but displaced to higher voltages by the amount AV (see Fig. 145). In Fig. 14c 
is shown as an example the case where we have two energy losses e AV, and eAV,,. 
The resulting isochromat is simply the sum of Fig. 14a and 6. 

The discussion above is, of course, highly schematic. In the first place, the level 
density curve is smoothed out because of the limited resolving power of the apparatus 
used. Moreover, characteristic energy loss spectra actually are not discrete, but 
consist of rather broad lines [10]. 

Unfortunately, reliable values of characteristic energy losses are not yet available. 
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As a matter of fact, values found by different investigators may differ considerable. 
However, for W the dispersion of the values is small, a recent determination being 
made by Harrower [11]. He also investigated Mo at the same time and with the same 
apparatus. 


Isochromats for W and Mo 


Now let us look at the isochromats of W and Mo in Figs. 11 and 12. The peaks © 
(except the first one) are very small and this fact makes it difficult to determine the 
position of the peaks better than within 1-2 volt. Therefore the position of the charac- 
teristic energy loss peaks according to Harrower [11], measured from the first peak 
in the isochromats, are marked. We see that the agreement is very good indeed. This 
agreement might of course be accidental. However, there is a number of facts which 
militate against such an explanation. 

Albert [8] found stepwise increases or breaks for W, in the region 20-100 volts — 
behind the quantum limit. The voltage interval between the breaks was about 25 V, 
which is almost exactly the second characteristic energy loss for W. The periodical 
breaks can be explained as a 1-fold, 2-fold, 3-fold ... energy loss. Because of the low 


320 


ARKIV FOR FYSIK. Bd 18 nr 19 


a) 


Fig. 14. Structure due to (a) the primary electrons; (b) electrons 

having suffered a characteristic energy loss eAV; (c) the com- 

bined effect of (a) and (6) for the case of two energy losses 
eAV, and eADV3. 


intensity he could not observe the peaks mentioned above but looked for breaks, 
which is another way to attack the same problem. 


Voltage dependence of the structure 


The voltage dependence of the structure lends further support to the interpretation 
of the isochromats given here. In Fig. 15 isochromats found for different voltages 
(1.25 kV, 3.7 kV, 10 kV and 19kV) are plotted. The curves are normalised to the same 
height for the first minimum and displaced a little with respect to each other in the 
y-direction. The curve for 3.7 kV (not the same as in Fig. 11) is found in the present 
investigation. Though the curves are not recorded with the same monochromator half- 
width, it is obvious that there is a general tendency for the first peak to decrease 
as the voltage increases. This fact, which also is the case for Ta and Mo, has interesting 
consequences. 

Suppose the structure from 0 to, say, 30 volts were represented by one phenomenon 
only, for example, the density of the unfilled levels near the Fermi level. Then the 
intensities of the peaks would not change relative to each other when the voltage 
was changed, because the level density is an intrinsic property of the metal in ques- 
tion. Now the second and third peaks remain unchanged (see Fig. 15) with respect 
to the voltage and therefore we conclude that they do not have the same origin as 
the first peak. 


Comparison with X-ray absorption spectra 


From X-ray absorption spectra we can receive information about the level density 
above the Fermi level. However, because of selection rules, K, L;, Ly, Ly, My... 
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Fig. 15. Voltage dependence of the structure. The 1.25-kV isochromat was reported by Ulmer 
and Vernickel [5], the 8-kV and 19-kV isochromats by Bearden and Schwartz [3], and the one 
at 3.7 kV was found in the present investigation. 


absorption edges reflect different parts (band of s, p, d, ... character) of the total 
density of the unfilled levels. Therefore it is hard to determine the appearance of the 
total level density from X-ray absorption spectra because we do not know how to 
add the different s, p, d ... bands. For W, for example, theoretical work by M. F. 
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LOG. I/l, ABSORPTION 


Fig. 16. L,,;; absorption edge for W reported by Bearden 
and Snyder. [13]. 


Manning and M. I. Chodorow [12] has shown that the 5d band will dominate strongly. 
Thus L,,; and Ly; absorption spectra alone should give a rather accurate picture of the 
total level density. Fig. 16 shows an L,,; absorption edge for W reported by Bearden 
and Snyder [13]. From this figure it can be seen that the shape of the curve is very 
similar to the one assumed in Fig. 14a. Also, the theoretical curve fits the experi- 
mental one very well. 

Thus the structure in the isochromat for W can be explained by assuming that the 
electrons hitting the target occupy levels of different symmetry (s, p, d, .... character) 
with equal probability. The assumption that the electrons prefer d states of course 
also explains the structure but this limitation is not needed for W. 

Theoretical work on Mo is unfortunately not available, but the experiments [14] 
show two very narrow peaks (so-called ‘white lines’’ in X-ray spectroscopy) just 
above the absorption edge in the L,,; and L,,; spectra. The K and L, absorption edges 
have no ‘“‘white lines’ for Mo or W. Now, the Mo-atom has five 4d-electrons; a situa- 
tion similar to that for the W atom which has four 5d-electrons (the d shell is about 
half-filled). For both these metals we should expect a dominating d band in the solid 
state. Thus the structure of Mo can be explained in the same way as for W. 


The isochromat of Ta 


Consider the Ta isochromat in Fig. 13. The shape of the isochromat is very similar 
to that for W. This is to be expected since Ta is the element preceding W in the 
periodic table. It has thus only three 5d-electrons, to four for W. The characteristic 
energy loss marked is the only one as yet avialable for Ta, and has been measured by 
Kleinn [15]. At about 11 volts there seems to be a characteristic energy loss, which 
has not been found by Kleinn. This is not strange, however, because Kleinn, working 
with 35kV-electrons, did find the energy loss peak at 27 volts for W but not the 15- 
volt peak. 

A most interesting property of the Ta isochromat which strongly supports the 
interpretation discussed in this paper is the position of the first peak. In comparison 
with the W isochromat a displacement of 1.5 volts to higher voltages is found. This 
can also be seen from Bearden’s [4] isochromats. In the theoretical work [12] mentio- 
ned above it is pointed out that the level density curves found for W can also be used 
with good approximation for Ta if the Fermi level is displaced a certain amount to 
lower energies to account for the decrease in the number of electrons. Therefore, be- 
cause the Fermi level has to be found at the same voltage in the isochromats, a displa- 
cement of the peak to higher voltages is to be expected. 

Moreover, study of Z,; and Ly, absorption spectra [16] will show that the appear- 
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ance of the edges for Ta and W is almost identical. Unfortunately, the edges for Ta 
are not distinct enough to make a direct comparison of the position of the peaks with 
respect to the Fermi level. 


Angular dependence of the structure 


With the apparatus used in the present experiment the angle 9 between the electron 
beam and the X-rays could be varied. An experiment with 0 = 45° and 30° was 
performed, keeping the angle between the electron beam and the target surface 
unchanged. The isochromats (for W) found were identical to those found for 6 = 0. 
However, use of a single crystal target might yield a different result. 

On the other hand, the relative intensity (not the position) of the first peak seems 
to be slightly dependent on the angle y between the electron beam and the target 
surface. Thus the curve in Fig. 11 was found for y ~ 84° and the curve in Fig. 15 for 
gy ~ 76°. A similar dependence was found for Mo. However, the effect might be due 
to other circumstances. If there is really an angular dependence, it probably has so- 
mething to do with the angular dependence of the characteristic energy losses. 

K. Ulmer and H. Vernickel [5] also found a difference in the height of the first 
peak between two W isochromats at 1.25 kV, but no angular data were reported. The 
difference seems to be too large to be explained as solely a temperature effect. 


Isochromats of other metals 


According to the interpretation given above, the shape of an isochromat is deter- 
mined mainly by two different effects: (1) The total density of the unfilled levels 
near the Fermi level; (2) the characteristic energy losses of the primary electrons. 
Besides these two effects there is a smoothing effect caused by the limited resolving 
power of the apparatus used. 

For W, the total level density function has only one sharp peak in the region 
0-40 V measured from the Fermi level. Therefore the combined effect of (1) and (2) 
can, at least qualitatively, be resolved into its components. For other metals this can 
be very complicated if the level density peaks and the characteristic energy losses 
overlap. 

Thus for Au, Cu and Pt, available K, L, as well as L,,; and L,,; absorption spectra 
show no sharp peaks at all and should give isochromats without pronounced peaks. 
This is in fact the case, as found by different investigators [3, 8]. These isochromats, 
though qualitatively consistent with the interpretation given above, are hard to 
resolve into components. 

Most interesting is an investigation of Cr and Cr,O, performed recently at this 
Institute by P. Johansson [17]. 


On the determination of VA, 


The problem of finding the quantum limit of the continuous X-ray spectrum is, 
if the interpretation discussed above is correct, analogous to the problem in X-ray 
spectroscopy to find the Fermi level in X-ray absorption spectra. The usual method 
in X-ray spectroscopy is to choose the inflexion point of the steep rise of the absorp- 
tion edge. 

In Figs. 11-13 the point Q.L. (Quantum Limit) corresponds to the least square 
adjusted value of VA, 12372.44kV x XU. We see that it lies very near to the inflexion 
point for Mo and W, but not for Ta. (For Cu the discrepancy would be even larger.) 
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Fig. 17. The value of VA, as a function of the difference V,.,, — V. Observe the accumulation of 

intersecting points around the least square adjusted value 12372.44 kV x XU. The average value 

is 12372.4 for V,,,, — V =3.0 V, which is in good agreement with 2.8 +0.5 V found in the present 
work. 


This is not so strange because the exact structure very close to the Fermi level is 
smoothed out owing to the limited resolving power of the apparatus. In fact, if the 
level density varies very strongly near the Fermi level, which seems to be the case 
for W, Mo and Ta, the Fermi level might be situated anywhere within ~ 1 volt and 
still give the same shape of the isochromats. Therefore it seems impossible to make 
any exact determinations of VA, from the high-frequency limit of the continuous 
X-ray spectrum. 

However, from the interpretation given here, it follows that for the same metal 
the position (in volts) of the first peak measured from the Fermi level should be inde- 
pendent of the voltage of the X-ray tube. The first peak (pronounced only for a few 
metals) can thus be regarded as a sort of fixed point against which we can make 
measurements. By recording isochromats at two different voltages the uncertainty 
in the position of the Fermi level can then be eleiminated. The voltage—wavelength 
conversion factor in this case is given by 


Vig= V; 
A, — Ag 


A Ass 


where A, and A, are the wavelengths used and V, and V, the voltages corresponding 
to the first peak. Note that systematic errors due to the work function of the cathode 
and the mean thermal energy of the emitted electrons are completely eliminated. 
A determination of VA, using the method sketched above was not possible since 
only one voltage was used. However a comparison can be made with other values 
found for the first peak by Bearden et al. [3, 4]. Thus in Fig. 17 the value of VA, 


325 


R. SANDSTROM, Bremstrahlung-isochromats of W, Mo and Ta 


for different voltages is plotted as a function of the distance (in volts) from the first 
peak in the isochromats. If the different measurements were absolutely correct, 
all the lines in the figure should meet in one point. From the position of this point 
we should then be able to read off the correct value of VA, as well as the position of 
the Fermi level relative to the peak. 

Now the peak position in Bearden’s isochromats cannot be read off very accurately, 
partly because the number of points defining the peak is so small, and partly because 
the peaks are broad an unsymmetric, especially at high voltages (see Fig. 15). 
Moreover, there are always systematic errors which become larger (in volts) at higher 
voltages. Therefore we are not able to make any exact determination of VA, from 
the figure, but it is seen that the agreement with the least square adjusted value 
12372.44 is as good as can be expected. The discrepancy varying with the voltage, 
found by Cohen and Du Mond [18], which is completely ruled out by this fact, must 
be an effect due to the arbitrary way in which the quantum limit point was chosen 
previously. 

The measurement at 24,500 V made by Felt, Harris and Du Mond [1] unfortunately 
cannot be included in the figure because the first peak cannot be read off. This is to 
be expected according to the voltage dependence of the structure (see above), and 
owing to the large width of the spectrometer “‘window’’. The very broad peak seen 
in the 24 kV-isochromat (recorded in 5-volt steps) must be a superposition of the first 
and second peak. With this interpretation the curve fits the others rather well. 

Note that no voltage dependence of the position of the peak with respect to the 
quantum limit can be deduced from Fig. 17. 

The method demonstrated above for the determination of VA, can be used for 
any metal having isochromat peaks sharp enough. Thus Ta and Mo measured at 
3.7 kV (see Figs. 11 and 12) and 8 kV give reasonable results. However, to obtain 
very accurate results the measurements must be performed on the same apparatus 
and in the range 1-6 kV, where the first peak in the isochromat is pronounced. Such 
measurements on various elements at the same time would be a test of the validity 
of the interpretation given here. 


Errors 


A survey of the estimates of the maximum errors involved in the voltage and wave- 
length measurements is given below. The accidental error is the mean deviation (0.1 
volts) of the position of the isochromats for different runs of the same metal. 


Ppm 
Standard cells 20 
Ratio R/r 10 
Nife cell 0 
Additional voltage v 14 
Voltage correction (¢+kT’) 81 
Zero point drift of the galvanometer 5 
Wavelength error according to page 311 30 
Mean square value 91 
Accidental error 28 
Sum 119 


_ Thus the total error (maximum error) in the voltage indication (in abs. volts), 
given in Figs. 11, 12 and 13, becomes + 120 ppm or + 0.45 volts. 
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